Abstract-Nosecone radomes of hypersonic flight vehicles show degradation of electromagnetic (EM) performance characteristics due to variations in the dielectric parameters (dielectric constant and electric loss tangent) of the radome wall resulting from heating due to extreme aerodynamic drag. It is indicated that the EM performance predictions based on conventional monolithic half-wave wall based on average dielectric parameters corresponding to temperature ranges in hypersonic conditions may not be accurate. This necessitates the radome wall under hypersonic conditions to be modeled as an inhomogeneous dielectric structure for accurate EM performance predictions. In the present work, the hypersonic radome is considered as an inhomogeneous dielectric radome such that the cross-section of the radome wall in each EM window region is considered as an inhomogeneous planar layer (IPL) model with stacked layers of varying dielectric parameters. The material considered is RBSN Ceralloy 147-010F (an alloy of silicon nitride), which has excellent thermal shock resistance, dielectric and mechanical properties required for hypersonic radome applications. The EM modeling of a section of the radome wall in hypersonic conditions (i.e., IPL structure) is based on Equivalent Transmission Line Method. A comparative study of basic EM performance parameters of the radome wall (power transmission, power reflection, and insertion phase delay) for both the IPL model and conventional monolithic half-wave model are carried out over a range of incidence angles corresponding to the antenna scan ranges in each EM window region of the radome. Further the study is extended to compute the EM performance parameters of an actual tangent ogive nosecone radome (made of RBSN Ceralloy 147-010F) enclosing an X-band slotted waveguide planar array antenna, in a hypersonic environment. The antenna-radome interaction studies are based on 3-D Ray tracing in conjunction with Aperture Integration Method. It is observed that the EM performance analysis based on conventional monolithic radome wall design cannot accurately predict the radome performance parameters in actual operating conditions during hypersonic flight operations. The current work establishes the efficacy of Inhomogeneous Dielectric Radome model for better EM performance predictions of streamlined airborne radomes in hypersonic environments.
INTRODUCTION
During hypersonic flight operations (velocity > Mach 5), the temperature of the outer surface of the radome wall is much higher than that of inner surface due to extreme aerodynamic drag [1] [2] [3] [4] . Under these conditions, the large temperature gradient existing across the radome wall results in variations in the dielectric parameters (dielectric constant and electric loss tangent) of the radome wall and hence radome EM performance parameters (Fig. 1) . So the conventional design of radome wall configurations based on average dielectric parameters may not be accurate in EM performance predictions during hypersonic flight operations. In previously reported works, the boresight error characteristics of streamlined ceramic radomes were reported with the assumption of a linear temperature distribution through the radome wall [5] . But this assumption is not valid in actual operating conditions in a hypersonic environment. The work reported in [6] [7] [8] regarding aerodynamic heating effects on EM performance parameters of missile radomes emphasized the need for better models for EM performance predictions. The temperature dependent radome EM performance predictions of a planar radome wall were reported by the authors elsewhere for analyzing the EM performance characteristics over a wide range of incidence angles [9] . In a recently reported work [10] , the authors have presented the copol transmission and boresight error characteristics of a hypersonic radome considering the effect of temperature dependent dielectric parameters. As the dielectric properties have significant effect on the radome performance parameters, the temperature dependent EM performance predictions are in great demand for hypersonic airborne applications. For this purpose, antenna-radome interaction studies are carried out for the temperature dependent EM performance predictions of a streamlined nosecone radome made of RBSN Ceralloy 147-010F enclosing a seeker antenna operating at 10 GHz. RBSN Ceralloy 147-010F, an alloy of silicon nitride, is a promising ceramic radome material with excellent mechanical and dielectric properties, thermal shock resistance, and rain erosion/impact resistance required for hypersonic radome applications [11] . In Section 2, a planar slab of RBSN Ceralloy 147-010F in a hypersonic environment is modeled as inhomogeneous planar layer (IPL) structure based on Equivalent Transmission Line Method. Here the basic EM performance parameters (such as power transmission, power reflection, and insertion phase delay etc.) of the planar slab over a wide range of incidence angles (encountered in streamlined nosecone radome applications) corresponding to different EM window regions are computed using measured dielectric parameters of RBSN Ceralloy 147-010F [11] . A comparative study of basic EM performance parameters of conventional Monolithic half-wave design (Monolithic Model) and IPL model is also given in this section to indicate that the EM performance predictions for streamlined radomes in a hypersonic environment based on conventional "monolithic design" may not be accurate.
In Section 3, the EM performance predictions of an actual hypersonic streamlined nosecone radome (made of RBSN Ceralloy 147-010F), enclosing a highly directional seeker antenna (operating at 10 GHz with TE polarization), are carried out considering it as an "Inhomogeneous Dielectric Radome" with the radome wall as IPL structure. The antenna-radome interaction studies are performed based on 3-D Raytracing in conjunction with Aperture Integration Method. The EM performance parameters (co-pol transmission, cross-pol transmission, boresight errors etc.) of the nosecone radome are computed for different EM window regions corresponding to the antenna scan range. A comparative study of the EM performance parameters of conventional Monolithic Half-wave Radome and Inhomogeneous Dielectric Radome for different EM window regions is included in this section to establish its potential application for better EM performance predictions in a hypersonic environment.
IPL MODELING OF THE RADOME WALL
The EM window regions of the streamlined nosecone radome considered here, corresponding to antenna scan ranges, are represented by R 1 , R 2 , and R 3 (Fig. 2) . Since the radome wall has to withstand very high temperatures (> 1000 • C) in hypersonic flight operations, it is noted that the temperature corresponding to the surface (outer/inner) of the hypersonic radome vary non-linearly along the surface from radome nose-tip to radome base, and across the radome wall thickness. Hence the EM modeling of radome in hypersonic environment is quite complex. The altitude and velocity histories of the aerospace vehicle have to be used to predict the temperature profile due to aerodynamic heating effects. Table 1 shows the approximate temperature ranges existing across the radome wall in hypersonic environment corresponding to different EM window regions [5] . 
Since the antenna is highly directional, the footprint of antenna beam on the surface of radome wall is quite small. So the temperature gradient along the intercept area of the antenna beam on the radome wall is assumed to be small as compared to that across the radome wall thickness. Hence the cross-section of the hypersonic radome wall in each EM window region can be considered as an IPL structure.
The dielectric parameters (ε r and tanδ e ) of RBSN Ceralloy 147-010F are estimated over the temperature range 25 • C-1400 • C based on measured dielectric data [11] and are shown in Fig. 3 . The total thickness of the RBSN Ceralloy 147-010F slab is taken as 7.13 mm, which is the optimized half-wave wall thickness at 10 GHz (antenna operating frequency) corresponding to maximum power transmission for TE polarization (or perpendicular polarization) at high incidence angle 65 • for the streamlined radome considered in this work. For the estimation of the optimized wall thickness mentioned above, the average dielectric parameters (ε r = 5.235; tan δ e = 0.0036) of the material over the temperature range 200 • C-1400 • C (covering R 1 , R 2 , and R 3 ) are considered.
Large temperature gradient existing across the RBSN Ceralloy 147-010F radome wall in hypersonic conditions makes it an inhomogeneous planar layer (IPL) made up of stacked dielectric layers with .130 *The inner surface of IPL radome wall is considered as the reference plane. 0 mm -refers to the inner surface of IPL radome wall at low temp. 860 • C in window R 1 . 7.13 mm -refers to outer surface of IPL radome wall at high temp. 1400 • C in window R 1 .
varying temperature-dependent dielectric parameters (dielectric constant and electric loss tangent). The boundaries of dielectric layers of the IPL model of the radome wall corresponding to each EM window region are determined based on polynomial curve fitting based on temperature-dependent dielectric data of the material shown in Fig. 3 . In window region R 1 , 17 degree polynomial equation is employed for curve fitting across the radome wall to identify the boundaries. In Regions R 2 and R 3 , 7 degree polynomial equation is used to determine the boundaries. In order to compute EM performance parameters, the dielectric parameters corresponding to the average bulk temperature of each layer of IPL wall in the given window region are estimated (Tables 2-4). In order to estimate the basic EM performance parameters mentioned above, IPL radome wall is considered as a multilayered structure with different sections corresponding to different dielectric layers (Fig. 4) . As compared to the free space, different layers of IPL structure can be considered as low impedance lines connected end-to-end. Here 'Monolithic Model' refers to the conventional monolithic half-wave radome wall design based on average dielectric parameters, whereas 'IPL Model' refers to the radome wall of same material and thickness in actual operating conditions (i.e., in hypersonic environment) at high mach speed.
The EM performance parameters (transmission, reflection and insertion phase delay) of both IPL and monolithic slabs are computed based on Equivalent Transmission Line Method [4] . Here Z 1 , Z 2 , . . . , Z n represent impedances of the respective layers and Z 0 is the characteristic impedance of free space. The A, B, C, D parameters of each layer depend on the EM material parameters of the respective layer, the thickness of the layer, the incidence angle, and the normalized impedance corresponding to the polarization (TE/TM) of incident wave.
The whole IPL structure can be represented by a single ABCD matrix, obtained by the multiplication of matrices corresponding to individual layers. The voltage-current transmission matrix of the entire IPL radome wall is obtained as
where φ i is the electrical length corresponding to the ith layer of IPL wall. It is a function of the complex permittivity, ε * i of the ith layer, the angle of incidence at the ith layer θ i , and the thickness of the ith layer d i .
The power transmission coefficient is expressed as
The power reflection coefficient is expressed as
The phase distortions due to IPL wall is represented by the insertion phase delay and it is represented by
Here ∠T 1 , ∠T 2 , ∠T i , . . . , ∠T n are the phase angles associated with the voltage transmission coefficients of the layers with thicknesses d 1 , d 2 , . . . , d n respectively. θ 1 , θ 2 , . . . , θ n are the corresponding incidence angles at the boundaries of the constitutive layers. The power transmission, power reflection, and insertion phase delay parameters of both IPL Model and Monolithic Model of RBSN Ceralloy 147-010F at 10 GHz for TE polarization (same as that of antenna polarization) are computed over the given range of incidence angles corresponding to window regions R 1 , R 2 , and R 3 and are shown in Figs. 5-7.
The parameters of IPL Model for EM window R 1 are given in Table 2 . The power transmission of IPL slab is less than that of monolithic slab over the entire range of incidence angles, which is attributed to the impedance mismatching due to variations in dielectric loss across the IPL slab (shown in Fig. 5(a) ). A local minimum is observed for power reflection characteristics around 64 • . Since there is no drastic variation in power transmission as seen in Fig. 5(a) , the reduction in power reflection for "Monolithic Model" is attributed due to localized absorption. The reduction in the transmission efficiency of radome wall will affect the radar range. The power reflection of IPL slab is high compared to monolithic slab (shown in Fig. 5(b) ).
This will cause degradation of antenna radiation pattern resulting in sidelobe level (SLL) degradations and emergence of flash lobes. However, the insertion phase delay of IPL slab does not show much variation compared to monolithic slab (shown in Fig. 5(c) ).
The parameters of IPL Model for window region R 2 are given in Table 3 . The power transmission of IPL slab is low compared to monolithic slab for region R 2 also. The power reflection of IPL slab is high as compared to monolithic slab (shown in Fig. 6(b) ). In region R 2 also, the insertion phase delay of IPL slab does not show much variation from that of monolithic slab. For window region R 3 , the parameters of IPL Model are given in Table 4 . The EM performance characteristics of window region R 3 are shown in Fig. 7 . The power transmission of IPL slab is high compared to monolithic slab in region R 3 which indicates better impedance matching at these incidence angles. However, power reflection and insertion phase delay characteristics of IPL slab do not show much variation as compared to monolithic slab.
The study shows that the EM performance characteristics of Monolithic Model with optimized wall thickness based on average dielectric parameters over the temperature range are different from that of IPL Model. This indicates that 'IPL Model' is more realistic as compared to 'Monolithic Model' as it incorporates temperature-dependent variation of dielectric parameters. For electrically large radomes, the radome wall is considered as locally flat at the point of intersection of the ray (emanating from the antenna) with the radome surface. Further, the thickness of the "flat section" at the ray-radome intersection region is assumed to be same as that of the radome wall at the intersection point.
This study will facilitate to assess the variations of power transmission, power reflection, and insertion phase delay due to the large temperature gradient existing across the slab like section of radome wall made of RBSN Ceralloy 147-010F. Further, the present work indicates that the EM performance predictions of the streamlined airborne radomes based on conventional Monolithic Model may not be applicable in actual operating conditions in a hypersonic environment. In view of this, EM performance predictions in such environment are carried out for a tangent ogive nosecone radome made of RBSN Ceralloy 147-010F based on IPL Model of radome wall.
EM PERFORMANCE PREDICTIONS OF ANTENNA-RADOME SYSTEM IN HYPERSONIC ENVIRONMENT
The tangent ogive nosecone radome made of RBSN Ceralloy 147-010F (height = 400 mm; base diameter = 200 mm; and wall thickness = 7.13 mm) encloses a monopulse slotted waveguide planar array antenna located at a distance of 80 mm from the radome base (diameter = 120 mm) and operating at 10 GHz with cosine aperture distribution and TE polarization. The azimuth and elevation antenna scan ranges are ±60 • respectively. The interaction of the slotted waveguide planar array antenna with the radome is carried out by a 3D Ray-tracing procedure in conjunction with Aperture Integration method [12, 13] . The EM performance parameters of the radome are computed by considering the antenna-radome system w.r.t. the antenna alone reference. The procedure for EM performance analysis of antennaradome system includes: (i) fixing of radome coordinates, (ii) determination of the space phase terms of antenna far-field, along with its transformation to the radome coordinates, and (iii) obtaining radome EM performance parameters of the radome (e.g., Co-pol power transmission, X-pol, BSE etc.) as a function of antenna scan angle. For the antenna-radome system considered, the normalized array pattern is given by [13] 
where T mn and F a mn are the transmission coefficient and aperture distribution for the mnth radiating slot on antenna plate respectively. The aperture distribution characteristics of the rectangular slots of the antenna are incorporated in the computation of radome performance parameters. Using (5), the sum port voltage is estimated for each antenna scan angle. The sum port voltages obtained are used for the computation of co-pol and cross-pol transmission parameters of the radome.
Let ΔV Az and ΔV El be the respective receiving port voltages corresponding to azimuth and elevation difference channels for the monopulse antenna. These voltages are determined for the given pattern look direction using (5) . The boresight errors for azimuth and elevation scans are given by [14, 15] 
Here K indicates the monopulse antenna sensitivity, which depends on the difference channel port voltages and azimuth/elevation offsets. The EM performance parameters (Co-pol power transmission, X-pol transmission, boresight error (BSE) etc.) of antenna-radome system are computed for antenna scan angles corresponding to window regions R 1 , R 2 , and R 3 based on 3D Ray-tracing procedure in conjunction with Aperture Integration method. Here the tangent ogive radome structure based on Monolithic Model and IPL Model are referred as Monolithic Radome and Inhomogeneous Dielectric Radome, respectively.
EM Performance Predictions in Window Region R 1
The window region R 1 is considered as "critical nose-cone sector" as the radome performance parameters degrade drastically due to (i) extreme aerodynamic conditions, and (ii) high incidence angles encountered by the antenna beam. The angle of incidence is maximum when the antenna beam is pointing along the radome axis and it decreases with increase in antenna scan angle. For the antenna-radome system considered in the present work, the angle of incidence is varying from 50 • -65 • in R 1 . of Monolithic Radome. Regarding cross-pol characteristics, it is well above −40 dB for Inhomogeneous Dielectric Radome, which is undesirable for radar applications. For cross-pol transmission characteristics (shown in Fig. 8(b) 
EM Performance Predictions in Window Region R 2
The EM performance characteristics of the radome in the window region R 2 are shown in Figs. 9(a)-(d) . 
EM Performance Predictions in Window Region R 3
Figures 10(a)-(d) show the radome EM performance characteristics corresponding to window region R 3 . In this scan range, the angle of incidence is varying from 0 • -30 • . It is noted that the angle of incidence up to 30 • can be considered as near-normal incidence case. Hence the variations in EM performance parameters may be minimal in this sector of the radome. Contrary to the window regions R 1 and R 2 , the co-pol power transmission of IPL Model in window region R 3 is better than that of Monolithic Model as shown in Fig. 10(a) . This is due to better impedance matching of IPL Model. However, the other performance parameters (cross-pol and boresight errors) of IPL radome do not show much variation from that of monolithic case.
CONCLUSION
The potential application of Inhomogeneous Dielectric Radome model for the temperature-dependent EM performance predictions of a hypersonic streamlined airborne radome (made of RBSN Ceralloy 147-010F) is presented. It is noted that the measurement of EM performance parameters of a hypersonic radome in actual operating conditions is not yet practically realized, as full-scale radome EM performance tests in simulated environments (like wind-tunnel facility, microwave anechoic chamber with sudden expansion burners [8] , etc.) are cumbersome and not feasible. In this regard, the EM performance analysis presented here establishes the efficacy of Inhomogeneous Dielectric Radome model (based on measured dielectric data of radome material over the temperature profile in hypersonic conditions) as compared to conventional Monolithic Radome model, for better EM performance predictions of hypersonic streamlined nosecone radomes.
However, plasma sheath formation in hypersonic flight operations is not considered in the current work since the thickness and density of the plasma sheath depends on velocity and altitude of hypersonic vehicle, which makes it difficult to incorporate in EM modeling. Since the present work is based on "bare radome", it will facilitate the radome designer to fine-tune the thickness of bare radome wall so that the thickness of (i) radome paint, (ii) hermetic coating for protection from moisture absorption, and (iii) thermal insulation coating on the inner radome surface to protect the seeker antenna from heat flow, can be properly selected. Further, simulation results for BSE can be implemented in HWIL (hardware-in-loop) auto correction system of airborne radar system for BSE correction.
